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EFFECT OF LARGE-AMPLITUDE OSCILLATIONS ON HEAT TRANSFER!

By CuarLes E. FeiLer and ErnesT B. YEAGER

SUMMARY

The heat transfer from a heated flat plate to an
airstream having large-amplitude flow oscillations
or a high degree of free-stream turbulence was
studied. The frequency of the oscillation was
varied from 34 to 680 cps at root-mean-square flow
amplitudes of as much as 65 percent of the mean
Slow rate.  For both oscillatory and turbulent flows,
the heat-transfer coefficient was larger than that
predicted by established relations in the literature.
The Nusselt number with oscillations was as much
as 65 percent larger than that with the reference flow
at the same Reynolds number. The Nusselt number
was correlated by a function of the Reynolds number
and the ratio of the root-mean-square amplitude of
the wvelocity excursions to the mean flow rate for
both kinds of flow.

No effect of oscillation frequency was observed
that could be attributed solely to frequency over the
range that frequency was varied. Schlieren studies
of the thermal boundary layer revealed that flow
reversal occurred mear the plate surface at each
frequency and also that the temperature profile
Jollowed a periodic behavior. The time-averaged
value of the thermal-boundary-layer thickness (given
by the distance at which the temperature gradient
attained a prescribed value) varied inversely with
the Nusselt number.

Although, in the oscillatory flow, the oscillations
had a definite periodicity while, in the turbulent
Sflow, the oscillations were strictly random, the
mechanism by which heat transfer was increased
appeared to be the same in both flows. The mech~
anism appeared to be associated with turbulence and
the transfer of energy from the free stream into the
boundary layer.

1 The information presented in this report was offered by Dr. Charles E.
Feiler as a thesis in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Physical Chemistry, Western Reserve University,
Cleveland, Ohio, September 1961. Professor Ernest B, Yeager was faculty
advisor.

INTRODUCTION

In recent years there has been a growing interest
in the effects of flow oscillations and sound waves
on momentum and energy transport phenomena.
It has been observed generally that oscillations of
sufficient intensity are capable of altering the
rates of these transport processes, presumably by
virtue of the nonlinear nature of the interaction.
Both forced- and natural-convection effects have
been studied in the literature. With natural con-
vection, steady flows called acoustic streaming
flows may be produced in the vicinity of the body,
which may result in an increase in the heat-
transfer rate. An analysis of this case has been
made that predicts the critical sound-pressure
level necessary to increase the heat-transfer rate
(vef. 1). Large bibliographies pertaining to
acoustic streaming and heat transfer may be
found in references 2 and 3.

As the net flow velocity is increased, streaming
flows become negligible with respect to the overall
velocity, and the mechanism by which the heat-
transfer rate is increased is different. An analysis
of the effects of free-stream oscillations on
boundary-layer flow indicates that the boundary
layer behaves qualitatively the same as it does in
the presence of free-stream turbulence (ref. 4).
Other theoretical analyses of the effects of oscilla-
tions on boundary layers have demonstrated that
the skin friction and heat-transfer rate undergo
phase shifts with respect to the free-stream oscilla-
tion (refs. 5 and 6). In general, these analyses
predict little change or even & decrease in the heat-
transfer rate presumably due to the small ampli-
tude to which they are necessarily restricted.

Experimentally, it has been found that oscil-
lations superimposed on the mean flow produce
an increase in the heat-transfer rate for several
different test systems in both air and water (refs.
7 to 13). In general, the increase in the heat-
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transfer rate has been found to depend on the
velocity amplitude rather than the pressure
amplitude. In some cases the increase also
depended on the frequency. The correlations
that have been obtained are largely empirical.
In view of the wide variety of flow conditions
that are possible, it appears that considerable
work will be required to consolidate the physical
laws governing these phenomena.

It was the purpose of this investigation to
examine the heat-transfer process from a simple
body to an airstreamn having a large-amplitude
oscillation superimposed on it. Accordingly, a
flat plate was selected, and its rate of heat transfer
was measured in an oscillating flow. Qualitative
studies of the boundary layer on the plate were
made by the schlieren technique. From the
experimental results, a correlation of the heat-
transfer coeflicients with flow parameters was
obtained, which indicates the parameters of im-
portance and the dependence of heat-transfer
coeflicient upon them.

SYMBOLS

A area ribbon surface, sq {t

B proportionality constant  (eq.  (12)),
dimensionless

pa heat capacity, Btu/(b)(°F)

D horizontal displacement of wire image
(fig. 6), .

& mean square of total fluctuating hot-
wire voltage due to turbulence

Ac? mean square of fluctuating hot-wire volt-
age between f{requencies, #+A//2 and
F—=Af)2

F(/) fraction of turbulent energy associated

. , Ae?

with frequency, ¥(/) = S

f focal length of schlieren mirrors, in.

fi, /. functions of e (eq. (13))

T2 function of € (eq. (17))

s frequency, cps

Af cffective bandwidth of harmonic wave
analyzer, 4.5 cps

g function

h local heat-transfer coefficient, Btu/(hr)
(sq £t) (°F)

k thermal conductivity, Btu/(hr) (sq ft)
(°F/ft)

L optical path length (fig. 6), in.

M exponent {(eq. (12))

m
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magunification [actor of schlicren objective
Iens system (fig. 6)

constant (eq. (26))

refractive index gradient normal to plate
surface, radians/in.

pressure, lb/sq in. gage

heat-transfer rate, Btu/hr

heat-transfer rate by conductien, Btu/hr

heat-transfer rate by convection, Btu/hr

rate of heat generation, Btu/hr

heat-transfer rate by radiation, Btu/hr

temperature, °F

temperature difference between plate sur-
face and airstream, °F

temperature difference between plate sur-
face and airstream defined by eq. (25),
O}“

time, sec

air velocity in z-direction, [t/sec

distance along plate in flow direction
measured from Jeading cdge, in.

horizontal displacement (fig. 6), in.

distance from leading edge of plate to
first heater ribbon, in.

distance normal from plate surface, in,

vertical displacement (fig. 6), in.

angle of inclination of inclined wire (fig. 6),
deg

thickness of thermal boundary layer, in.

angle of refraction of light rays (fig. 6),
radians

period of oscillation, sec

viscosity coefficient, 1b/([t) (sec)

deusity, Ib/cu ft

weight-flow rate per unit area, (Ib)/(sq ft)
(sec)

standard deviation

wall shear stress, b/({t) (sce)®

Dimensionless groups:

Nu,  Nusselt number, ha/k

Ir Prandtl number, Cpu/k

lie, Reynolds number, pVa/u

vt velocity parameter, V/y'r./p

f—

yt wall distance parameter, ";"l/) Py

€ amplitude parameter or turbulence inten-
Sity, (P‘/)rms/;)?

Subscripts:

cal calibration

¥ with oscillations

% instantaneous
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0 without oscillations
rms root-mean-square
Superscript:

(=) time-averaged value

APPARATUS

The object of this work was to investigate ex-
perimentally the effect of flow oscillations on
forced-convection heat transfer. Because of the
relatively large steady-state flow velocity planned,
it was anticipated that very high sound levels
would be necessary to influence the heat-transfer
rates appreciably. A review of the literature for
methods of producing such levels indicated that
the siren offered the best means of achieving this
goal. The siren also affords an easy way to vary
the frequency of sound over a wide range.

For the test specimen a flat plate was selected.
The flat plate appeared to have a simpler flow
field than a cylinder and was more adaptable to
visual boundary-layer studies than the boundary
layer in pipe flow.

Finally, since it was expected that velocity
amplitude, rather than pressure amplitude, would
be the most important parameter affecting heat
transfer, the hot-wire anemometer was sclected
for measuring the flows. The hot-wire anemom-

OSCILLATIONS ON HEAT TRANSFER 3
eter has an upper frequency response of the order
of 50,000 c¢ps and is thus capable of measuring
instantaneous flows over a considerable range.

SIREN

The siren used to produce the oscillations is
shown in figures 1 and 2. The siren stator has
20 ports, and the rotor has 20 matching blades.
The rate of change of port area is linear, and there
is no dwell time in the [ully open or fully closed
positions. The downstream or outlet side of the
stator was designed with a splitter plate between
cach port and a spinner in the center hub section.
These were intended to minimize the losses in
sound power due to turbulence generation caused
by the sudden expansion of the flow on passing
through the ports.

1t was considered desirable to have the effective
area of the siren as large as possible to ensure
that the sound waves would be plane-fronted.
Also, the larger this area is, the smaller is the re-
duction in sound power due to expansion into the
duct. The area of each port was about 1 square
inch so that the total area was 20 square inches
or 0.4 of the duct cross-sectional area. The out-
side diameter of the ports was equal to the inside
diameter of the duct.

,~Flange mount
4

,~Stator
,/* ~Rotor
7 //

7

}See detail (fig. 1(b))

-~ Splitter plate

~Variable, 0.004" - 0.186"

T

/-Spinner
/

(/4]

.

NN

(a)

@)

e a i
m\'\ AT T T
[T N TR |

__—g—_

1

A
- Bearing

(a) Cross section.

Figurg 1.—Siren detail.
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// 8.25" Diam.

Stator

Rotor

(b) Rotor and stator detail.

Ficure 1.—Concluded. Siren detail.

£-49031

Ficure 2.—Siren assembly.

Clearance between the rotor and stator was
adjustable by means of a vernier thread from
0.004 to 0.186 inch. The outside diameter of the
rotor was 0.25 inch larger than the outside diam-
eter of the stator ports. In this way an air-film
bearing was provided at the circumference of the
rotor, making contact with the stator difficult.
The rotor was belt-driven by a X-horsepower
direct-current compound motor rated at 1700 rpm.
By controlling the voltage applied to the shunt

field and armature windings of the motor, it was
possible to vary the speed from 100 to 2400 rpm
corresponding to oscillation frequencies from 34
to 800 cps.
FLAT PLATE AND HEATING CIRCUIT

A sketch of the plate is shown in figure 3. The
body was constructed of Bakelite with a sharp lead-
ing edge and was 0.5 inch thick, 6 inches long, and
4 inches wide. Nichrome ribbons 0.002 inch thick,
0.5 inch wide, and 3 inches long were mounted
transversely and flush on the upper surface
of the plate. The five ribbons were spaced 0.06
inch apart starting 1 inch from the leading edge.
The plate extended 0.5 inch beyond the ends of the
ribbons. All the power leads and thermocouple
leads were contained in the body of the plate and
its mount. Five No. 36 B. & S. gageiron-constantan
thermocouples were spotwelded to the lower
surface of each ribbon at the center and at dis-
tances of % and 1 inch on either side of the center.
Two thermocouples were also placed on the lower
surface of the Bakelite at a known distance from
the upper surface. The thermocouples were all
referenced to a free-stream thermocouple by means
of a multiposition switch. In this way only tem-
perature differences were measured. The thermo-
couples were calibrated against a standard, and
their sensitivity value was corrected accordingly.

A low-voltage alternating current was used to
heat the Nichrome ribbons. The electrical cir-
cuit, shown in figure 4, was duplicated for each
ribbon. The power dissipation in the heater rib-
bons was calculated from measured values of the
current and resistance. The current was obtained
by measuring the voltage drop across a resistor
in series with the heater. The resistances of the
heater and series resistor were measured with a
double Kelvin bridge to within 1107° ohm or 1
percent in the case of the smallest resistance.
The temperature coefficient of resistance of Ni-
chrome is small, and for the temperature range
of these experiments, variation of the resistance
of the heater was negligible.

FLOW SYSTEM AND TEST DUCT

The flow system used in the experiments is
shown schematically in figure 5. The duct was
constructed of 8-inch-nominal-diameter seamless
steel pipe. Air from the room was pulled through
the siren and into the duct by an exhauster facil-
ity. The flow rate was controlled by a large
butterfly valve in conjunction with asmaller butter-
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Fioure 4.—Heater circuit.

fly valve located in the bypass line. A large com-
mercial in-line muffler was installed just down-
stream of the test section in an effort to absorb the
sound waves and thus prevent or minimize reso-
nant conditions.

The test section was located about 5 feet from the
siren. Optically flat glass windows were mounted

tion of instrumentation into the flow field.

The entire siren unit was enclosed in a wooden
box having a volume of about 30 cubic feet. All
the air entering the duct was filtered through
several layers of fiber glass that were mounted
over the entire end of the wooden enclosure. It
was found that the filter was necessary to remove
dirt and dust particles that interfered with the
proper operation of the hot-wire anemometer.
The enclosure also provided some reduction of the
sound level in the room.
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Frevrre 5—Flow system.

HOT-WIRE ANEMOMETER AND CONDENSER MICROPHONE

The primary measurenment of flow rate was made
with a constant-temperature hot-wire anemometer
(ref. 14). 'This instrument has received much use
in the study of turbulent flows and seems ideally
suited for measuring the large oscillating flows of
this experiment. Since velocity, rather than
pressure amplitude, was expected to exert the
major influence on heat transfer, it seemed highly
desirable to measure the velocity amplitude
directly, rather than indirectly through pressures.

The wires used in the present work were tung-
sten, 0.0002 inch in diameter and 0.080 inch long.
The probe was inserted into the flow field such
that the axis of the wire was normal to the flow
direction and the surface of the plate. The hot
wire was calibrated against a pitot-static tube
over the range of flow rates of interest both before
atd after each series of runs.  This procedure was
followed to ensure against possible shifts in the
calibration curve such as are commonly caused by
dirt accumulation on the wire.

An Altec-Lansing 21BR-220 condenser micro-
phone was used to measure pressure oscillations,
This microphone has a diaphragm 0.5 inch in
diameter and a flat frequency response from about
10 to 10,000 cps. The output of the microphone
was recorded on an oscilloscope and a true rms
voltmeter. The microphone was mounted {flush
with the inside surface of the duet.

SCHLIEREN SYSTEM

Conventional system.—The schlieren system
was of the twin-mirror tyvpe and could be adapted

to high-speed photography. Light from a type
BH6 mercury lamp in conjunction with a con-
densing lens was used to illuminate a slit 0.010
inch wide and 0.5 inch long that served as the
source. The schlieren mirrors were spherical,
were 6 inches in diameter, and had a 6-foot radius
of curvature. With this system photographs of
0.1-second exposure were obtained in which the
boundary-layer disturbances were time-averaged
over several cycles of the flow oscillation. High-
speed motion pictures were made with a 16-
millimeter split-frame camera positioned behind
the knife edge. The framing rate of the camera
was 7000 to 8000 frames per sccond.

Modified system.—The schlieren system ordi-
narily indicates refractive index gradients by
changes in the light intensity on the viewing
screen or film. By means of the Thovert-
Philpot-Svensson inclined slit method (ref. 15),
the schlieren apparatus may be modified so that
the gradients are indicated by a displacement of
light rather than a change in intensity. The
modified system is shown functionally in figure 6,
where the schlieren mirrors have been replaced
by lenses for clarity. A horizontal slit of 0.003-
inch width, illuminated as described in the pre-
vious scction, was used as the source. The knife
edge was replaced by a wire of 0.02-inch diameter
placed at a 45° angle from the horizontal and in
the plane perpendicular to the optical axis of the
schlieren system. In addition to the camera lens,
a planoconvex cylindrical lens with its axis verti-
cal was mounted in the imaging system. An
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image of the source was projected onto the in-
clined wire, and an image of the test plate was
projected onto the film plane but only in the verti-
cal direction because of the cylindrical lens.

The cylindrical lens serves to focus the plane
containing the inclined wire and the image of
the light source onto the film plane, but only in
the horizontal direction. If no refraction occurs,
the light intercepted by the inclined wire appears
on the film plane as a vertical line bounded on
each side by light from the image of the source.
In the presence of a refractive index gradient at a
point on the model, a corresponding point on this
line is displaced by a distance proportional to the
gradient. Referring to figure 6, at the inclined
wire,

=f0f=Ax tan « (1)

where Ay is the vertical digplacement of a fan of
light rays, 6 is the angle of refraction, f is the focal
length of the schlieren lens, Az is the horizontal
displacement of the interception point of the wire
and the fan of light rays, and « is the angle of
inclination of the wire. At the film plane there

where m is the magnification factor of the lens
system. The angle of refraction 6 may be ex-
pressed as a function of the refractive index
gradient and the distance of the disturbance along
the optical path:

dn

0= La—& (3)

where it is assumed that the gradient is perpen-
dicular to the wave front and has a constant value
along the optical path L. Combining these rela-
tions gives

dn_Dtana
dy~ JLm )
or
<Dmﬂ ®)
where

(%)~ (®)
cal

As indicated in equation (6), the system may be

calibrated simply by moving the wire through a

known distance Ay relative to the unrefracted

results light and measuring D in the film plane. This
D=m Az (2) was accomplished by attaching the wire to the
Schlieren Schlieren
lens
tens Cylindrical
lens—
+Horizontal slit L Diagonal |
1 source Flat plote\j "' e wire stop—_
\ L » SYUMNSTERY
A B ——__—'__/
8 /
“Camera
lens Film
4 f plane
Camera image
g —w=y
b -
Refracted Ax m = b/o
ligh H —
ight pencalx\\ "'/ o D« mAx
Unrefracted ™\ ; &
light pencil~_ Ay I— , — / —/
/ !
7 —F Intercepted light // Cintercepted light of
“_Diagonal of refracted rays— unrefracted rays
wire stop
a

Figure 6.—Inclined-slit schlieren system.
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micrometer screw feed of the knife-edge mounting.
High-speed motion pictures were possible with
this system also.

PROCEDURE
GENERAL

With the siren locked in the fully open position,
a flow was established in the duct, and the power
to each ribbon was adjusted until the temperature
of all ribbons agreed within £2 percent. Upon
achieving this condition, the Variacs regulating
the power to the ribbons were never changed so
that all tests were conducted at the same heat-
input rate.

A period of about 20 minutes, as determined
by experience, was required at each flow rate to
permit equilibrium to be reached. The thermo-
couples and power were then monitored for a
20-minute period with readings taken every 5
minutes. At the same time, pictures of the oscil-
Joscope display of the hot-wire and microphone
signals were taken. In this fashion, data points
were obtained at each of a series of flow rates.

The same procedure was followed with oscil-
lating flows. The desired oscillation frequency
was obtained by adjusting the voltage to the
siren motor while observing the Lissajous patterns
on the oscilloscope. The Lissajous patterns were
obtained by feeding the output of a calibrated
audiofrequency generator into the z-axis and the
microphone and hot wire each into the y-axis of
a two-beam oscilloscope.

To evaluate the effects of frequency and
amplitude individually on the heat-transfer coeffi-
cient, a frequency was selected and a series of
points were taken at various amplitudes. Am-
plitude was varied by changing the spacing
between the rotor and stator of the siren. The
siren spacing was then fixed, and frequency was
varied. For both cases a series of flow rates was
used to evaluate the effect of mean flow rate.

REDUCTION OF DATA

Flow rate and pressure.—The microphone and
hot-wire signals were displayed on the screen of
a dual-beam oscilloscope and photographed on
35-millimeter film. It was not possible to rely
on voltage-averaging meters to obtain the average
flow rate and amplitude because of the nonlinear
relation between flow rate and hot-wire voltage.
Such methods are applicable only when the flow
fluctuations about the mean are small. There-

fore, instantaneous flow rates were computed at
a number of times during a period of oscillation.
In this way 10 to 16 cyvecles at each flow condition
were averaged to obtain a curve representing one
cycle of the oscillation. The time-averaged or
mean flow was then computed according to the
equation

V= f YoV, dt @)

where X is the period of oscillation. The devia-
tion of the flow from the mean value was charac-
terized by the root-mean-square amplitude defined
by the equation

W= { 5 [T 1oV =T}

Integration was performed graphically in both
computations.

The microphone output voltage is a linear
function of pressure so that root-mean-square
pressure amplitudes were computed from the
root-mean-square voltage indicated by a Bal-
lantine True R.M.S. Voltmeter Model 320. This
eliminated the need for the laborious graphical
procedures that were required for flow rate deter-
minations. The microphone was calibrated by
means of a General Radio Company Type 1552-B
Sound-Level Calibrator, which delivered a 121-
decibel (re. 107! w/sq cm) pressure level at 400
¢ps to the microphone.

Heat-transfer coeflicient.—The heat-transfer co-
efficient to the airstream was computed from the
measured power input to the ribbons corrected
for measured conduction losses and the temper-
ature difference between the ribbons and the air-
stream. Uniform heat generation in the ribbons
was assumed. At equilibrium, the heat balance is

Qgen::QConv"I’ and+ Jraa (9)

where the terms refer to the various mechanisms
by which the heat may be dissipated. The
radiation heat loss ¢, was negligible {for the
temperature involved, even when blackbody
emissivity was assumed.

Conduction losses were considered along all
three axes of the plate. In the direction of flow,
the plate was essentially isothermal so that heat
flow in this direction was negligible. In this
connection, the first and last ribbons were guard
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heaters, and the conduction losses from them to
the unheated portions of the plate were not
considered.

In the lateral direction, across the surface of the
plate, the heat conduction loss was calculated
from the temperature difference measured by
thermocouples located at a known distance from
the center thermocouple. This loss amounted to
less than 1 percent of the heat generated.

The major heat loss, amounting to about 10
percent of the heat generated, occurred by con-
duction to the lower surface of the plate. This
loss was computed, as in the previous case, from
direct measurement of the temperature drop
through the body of the plate.

With the heat loss correction accounted for, the
convective heat-transfer rate was calculated by
difference according to equation (9). Finally, the
convective heat-transfer coeflicient given by

— (,fﬂ’ﬂf' Btu
T AAT (hr)(sq ft) (°F)

h (10)

was calculated, where A is the area of the exposed
surface of the ribbon and AT was measured be-
tween the ribbon and the airstream. All values
of AT were obtained from measurements with a
Rubicon potentiometer and an external moving-
light beam galvanometer to the nearest slide wire
division or within about 0.35° F.

The heat-transfer coefficient was expressed in
dimensionless form by the Nusselt number

Nu,="2 (1)
where z is the distance from the leading edge of
the plate to the center ol a ribbon and k is the
thermal conduectivity of air.

EXPERIMENTAL RESULTS

REFERENCE FLOW CHARACTERISTICS

Velocity profile in duct.—The inlet configura-
tion of the duct was somewhat unusual because
of the siren. It was desired that the reference
flow condition should duplicate the oscillating
flow as closely as possible with the exception of
the oscillations. Therefore, the siren was left on
the duct in establishing the reference flow, and
the rotor was locked in place with the ports fully
open. The velocity profiles across the duct for
the reference flow were flat within about +5

percent up to 1 inch from the duct wall. These
profiles were measured with a pitot-static tube. A
slight minimum in the profiles occurred at the
centerline of the duct because of the ‘“shadow”
cast by the hub of the siren.

Turbulence properties.—The major distinguish-
tng feature observed for the reference flow was
its intensity of turbulence. Over the range of
flow rates studied, the free-stream turbulence
intensity ranged from 9 to 10 percent. This was
considerably higher than generally encountered in
wind tunnels; however, it was not unexpected be-
cause the siren ports could function as turbulence
generators much like a grid or coarse mesh screen.
To examine the reference flow further, the fre-
quency spectrum of the turbulence was deter-
mined. The hot-wire signal was fed into a
harmonic analyzer having an effective bandwidth
of 4.5 cps and a frequency range of 20 to 16,000
cps. The resulting energy-frequency distribution
is shown in figure 7. For comparison, the spec-
trum from a tunnel having the usual flow-gencrated
turbulence is also shown (ref. 16). The free-
stream velocity associated with the comparison
curve is 45.5 feet per second, which is near the
midpoint of the velocity range covered in the
present cxperiments. The two curves are quite
similar, the only difference being a possible shift
of the turbulent energy to a somewhat lower
frequency range in the present work. The addi-
tional energy in the low-frequency range may be
explained by the relatively large size of the “grid-
like structure” of the siren. Because of its size
it should be expected that the eddies from the
siren are large and are shed at low frequency.
Such is the case in the analogous situation of
vortex shedding from a cylinder.

OSCILLATING FLOW CHARACTERISTICS

As mentioned previously, the duct incorporated
a large acoustic muffler to obtain a traveling wave
system rather than a resonant system. As will
be shown, the resulting wave system shows char-
acteristics of both systems but appears to be
more closely related to the traveling wave system.
In figure 8, the instantaneous time variation of
pressure and flow rate is represented at several
frequencies by the oscilloscope traces of the micro-
phone and hot-wire signals. These data were
obtained at the test section in the free stream.

A considerable amount of distortion was ob-
served in the waveforms as a consequence of the
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Figure 7.- Turbulent energy-frequency spectrum.
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high sound-pressure levels.  An approximate har-
monic analysis of the waveform at a low and a
high frequeney indicated that from about 4 to 12
terms of the complete Fourier sine-cosine series
were needed to approximate the waveform. The
larger number of terms applics to the higher
frequency. It was also observed that flow re-
versal occurred in the free stream al some [re-
quencies. The region of flow reversal corresponds
to the small peak around the minimum in the
hot-wire signals obtained at 46 and 148 cps. The
positive direction indicated by the hot-wire
signal is due to the fact that the wire does not
sense flow direction, and thus the signal is recti-
fied. On comparing the pressure and flow rate
signals it was observed that pressure varied in
phase with respect to the flow rate. That is, the
time of the pressure minimum occurred at the
time of minimum flow rate.

It was found that frequency was not contin-
uously variable except at flow rates considerably
Iess than those actually used in the experiment
The reason for this behavior was probably due to
some mode of resonant coupling between the duct
and the siren. The siren was found to lock-in on
certain frequencies, which were used in the experi-

+P
Microphone OW
-p

46 cps

oV
Hot-wire {
pV~O

| 8

g
i

.

-

s

Flow reversal

Time ————=

98 ¢ps

+P
Micraphone O\/WW N i
-p

148 cps

680 cps

oV
py~0 - i i — -

Fo=

“-Flow reversal

Ficure 8.—Oscillograph traces of microphone and hot-wire signals.
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ment. In order to evaluate the degree of reso-
nance present, it was necessary to measure the
standing-wave ratio of the sound field in the duct.

The standing-wave ratio was not measured
exactly because of the difficulty of traversing the
duct axially with the microphone; however, it
was approximated by locating the microphone at
several stations along the duct. From these
data, approximate curves of root-mean-square
pressure amplitude against distance were obtained
as shown in figure 9. The data indicate that a
moderate amount of resonance was present; the
maximum value of the standing-wave ratio was
about 2.5 and occurred at 98 cps. It may be
concluded that each frequency used in the experi-
ments corresponded closely to a resonant fre-
quency of the duct. The fundamental frequency
of the duct was 17 cps, corresponding to that of a
34-foot-long pipe closed at both ends. This
distance corresponds to that from the siren to the
butterfly control valve, which constituted a closed
end because the pressure ratio across the valve
exceeded the critical value, and the flow through
the valve was therefore sonic or choked. The
frequencies used correspondad to harmonics of
the duct ranging from the second to the fortieth.
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Fioure 9.—Variation of root-mean-square pressure ampli-
tude showing nodes and antinodes.

At a given spacing between the rotor and stator
of the siren, the pressure and velocity or flow
rate amplitudes were functions of the mean flow
rate. This dependence is shown in figure 10 where

root-mean-square pressure amplitude and root-
mean-square flow amplitude are plotted against
mean flow rate for several frequencies. These
data were taken at the test station. The varia-
tion of the proportionality constant reflects the
changing position of the test section with respect
to nodes and antinodes as frequency was changed.
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Ficure 10.—Variation of amplitude parameters with
mean flow rate.

The frequency dependence indicated by figure
10 is illustrated in figure 11 where the two ampli-
tude parameters are plotted against frequency at
an approximately constant value of the mean
flow rate. The maximums and minimums shown
indicate, as previously stated, the relation of the
test section to nodes and antinodes in the wave.
It was observed that the magnitude of the swings
in amplitude diminished as frequency was in-
creased and also that amplitude, in general,
decreased. This is in accord with general knowl-
edge of the frequency behavior of constant-energy
sound.

From the foregoing discussion it was concluded
that the wave system set up in the duet was
largely a traveling wave with a small standing-
wave component. The largest value of the
standing-wave ratio observed was approximately
2.5 and occurred at 98 cps. The wave was also
essentially plane-fronted. This was demonstrated
by locating two hot wires at the same axial station
along the duet but at different radial positions
and observing that the two signals were super-
imposable.

HEAT TRANSFER WITHOUT SOUND

The Nusselt-Reynolds number relation found
without sound is shown in figure 12 for stations 2
and 3. The length parameter in both dimension-




12 TECHNICAL REPORT R—142—NATIONAL AERQNAUTICS AND SPACE ADMINISTRATION

1.2
Prms
10 —— (Ve 25
:' i
= 1
w
~ —
= ‘ 3
-8 1 208
& | Tz
< | 1 3
‘ R
~
\ 7 ik 0
: - \\\\o "

Pressure amplitude,
o

N
<<
o
Flow amplitude, (pl),,o

| \3

i ! i
4 : 7 T 1.0

| | 5

[ |

l i
2 —L ] 5
) 100 200 300 400 500 600 700

Frequency, cps

Figure 11.—Variation of amplitude parameters with

less numbers corresponds to the z-distance meas-
ured from the plate leading edge.
of the data points in figure 12 to assume a hori-
zontal grouping pattern is a consequence of the
way the data were obtained and reflects the lesser
degree of reproducibility of the velocity measure-
ment compared with the temperature measure-
ment. The data were taken before and after
each series of experiments with sound to provide
a check on the behavior of the plate.
at each station were fitted by the method of least

frequency. pV~3.8.
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squares to the general equation of the form:
Nu,=BReM (12)

The standard deviation in Nusselt number of the
resulting expression was -+ 12, corresponding to a
probable error of about 3.5 percent based on the
average Nusselt number. The Prandtl number
was treated as a constant in this work because of
the small variation in temperature. The maxi-

Reynolds number, Fe,

Figurge 12.—Heat transfer without sound.

mum variation in the Prandtl number that could
occur was less than 0.1 percent.

HEAT TRANSFER WITH SOUND

The data obtained by varying the rotor-stator
spacing at a constant frequency of 46 cps are
tabulated in table I and plotted in figure 13.
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Fieure 13.—Concluded. Heat transfer at 46 cps for
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100

The least-square curves obtained for the no-sound
condition are also shown in figure 13 for com-
parison. With sound, the Reynolds number was
based on the time-averaged flow rate. The
magnitude of the increase in Nusselt number with
sound varied from about 3 percent at low Reynolds
numbers to 60 percent at the highest Reynolds
numbers. In table IT are tabulated the data
obtained at various frequencies and fixed rotor-
stator spacing. The Nusselt-Reynolds number
plot of these data closely resembles that shown in
figure 13. The variation of Nusselt number with
frequency is shown in figure 14 at an approxi-
mately constant value of the Reynolds number.
Only one Reynolds number value is shown, but
the results are typical of those at other Reynolds

numbers. A comparison of figure 14 with figure
11 shows that the variation of Nusselt number
with frequency follows the same general trend as
does the root-mean-square velocity amplitude
with the exception of one or two frequencies.
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Fiaure 14.—Variation of Nusselt number with frequency.

CORRELATION OF DATA

The Nusselt numbers found in these experiments
were larger than those predicted by the usual heat-
transfer equations, even without sound. The
reason for this result, in the absence of sound, is
believed to be the high turbulence intensity (10
percent) present compared with the 2 to 3 percent
or less turbulence intensity generally encountered.
Also, the data without sound did not follow the
usual Reynolds number power dependency. Any
correlation of the data then should reflect these
observations. It was therefore decided to attempt
to correlate the data by a relation of the form:

Nu,=f,(e) Rels'® (13)

where eis the turbulence intensity in the case of the
reference flow. With sound, ¢ becomes the ratio
of the root-mean-square velocity or fow rate to
the time-averaged flow rate (pV),ms/pV, which is
analogous to the turbulence intensity. The
Reynolds number was based on the time-averaged
flow rate. As a lower limit, when e approaches
zero, it was assumed that the relation should
reduce to the usual expression (ref. 17) for heat
transfer in laminar flow given by

3/471-1/3
Noty—0.332 PrisR L2 [1-(%) ] (14)

where 2, is the unheated starting length on the
plate (the distance from the leading edge of the
plate to the first heater) and z is the distance from
the leading edge to the point where heat transfer is
measured. The term in brackets is a correction
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factor to account for the delayed start of the
thermal boundary layer compared with the hydro-
dynamic boundary layer. For a Prandt]l number
of 0.71 this equation reduces to

Nu,=0.415 Re?* (Station 2) (15)

and

Nu,=0.379 Re'f  (Station 3) (16)

With these equations, the correlation expression
becomes
Nup=[f( QIR 100 (17)

where f,(¢) also depends upon the station, and
the functions f,(¢), f(e) are to be determined from
the experimental data.

The functions fi(e) and fi(e) are shown in
ficures 15 and 16, respectively. The former
varies inversely with ¢, while the latter varies
directly with e. The function fi(e) is given within
about 10 percent by the relations:

fi(6)=0.415 (10-25"™) (Station 2)  (18)
and

£(6=0.379 (10-27"™)  (Station 3) (19)

As indicated by the wvariation in slope, there
was a small additional dependency upon z-distance
or station not accounted for in the starting-
length correction factor. The function f,(¢) is
given by the following relation for both stations:

Jo( =0.6585 (20)
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Figure 15. Coeflicients of correlation expression.
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Frorre 16.—Concluded. TFxponents of correlation
expression.

With these relations for f,(e) and f.(e), the expres-
sion correlating both the data with and without
sound may be written

Nu,=0.415 (10728 77) R0 5+0.050-57
(Station 2) (21)
and

Nu,=0.379 (107275" ) Rggs+0.05
(Station 3) (22)



EFFECT OF LARGE-AMPLITUDE OSCILLATIONS ON HEAT TRANSFER 15

In general form the expression may be written
as

3/4771-1/3
Nu,—0.332 Pri/3 [1-(%) ]

0.72 0. 57
X 108@zL/2) (e) Reg. 5+0. 65¢€ (23)

The results of the correlation are shown in
figure 17 where the experimental Nusselt number
with sound is plotted against the Nusselt number
calculated from the empirical expressions (egs.
(21) and (22)) for both stations 2 and 3.
Excluding the two pair of data points indicated,
the standard deviation of the correlation was 421
in terms of the Nusselt number. The cor-
responding probable error was 4.8 percent, or
1.3 percent greater than the value obtained for
the reference flow data. The increase may be
accounted for, in part, by the error introduced
by the graphical computation of (pV),n. It
may be concluded that the heat transfer does
not depend on frequency over the range which
frequency was varied.
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Fiaure 17.—Comisonpar of experimental and calculated
Nusselt numbers for oscillating flow.

SCHLIEREN STUDIES

Experiments with conventional schlieren.—
Figure 18 shows representative time-averaged
schlieren photographs of the thermal boundary
layer at a magnification of 3. The boundary
layer shown by the schlieren techniques was
detected only in the presence of heating. Refer-

653964—62——3

l

\
‘“Position of first
heating element

—J,—/—Boundory—loyer

thickness, &

Body of
plate

(a) 34 cps
(b) No sound

C-59941

(a) (b)

Ficure 18.—Time-averaged schlieren boundary-layer
photographs.

ences to boundary-layer measurements by the
schlieren method, therefore, refer to the thermal
boundary layer. By comparing the photographs
at the two flow conditions, it may be seen that
the time-averaged boundary layer with sound
is thinner than that without sound. With the
aid of a microdensitometer, comparative values
of the boundary-layer thickness at a constant
value of the temperature gradient (i.e., the distance
from the plate surface at which the temperature
gradient reached a prescribed value) were
measured at the different frequencies. The data
so obtained are shown in figure 19 where the
ratio 6,/6, of the thickness without sound to
that with sound is plotted against frequency.
The data indicate that the flow oscillations preduce
a net decrease in the thickness of the boundary
layer.
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Ficure 19.—Comparison of variation of boundary-layer
thickness and Nusselt number with frequency.
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For comparison, the ratio Nu, ,/Nu., of the
Nusselt number with sound to that without
sound is also shown. The heat-transfer data are
those of figure 14 for station 3, and curves for
both the experimental Nusselt number and the
value calculated by the correlation equation are
shown. In general, the two ratios, §,/6, and
Nu, ;[Nu,,,, follow the same trend with frequency.
Thus, in agreement with theory, these results
show that the Nusselt number varied inversely
with boundary-layer thickness. The generally
lower values of the Nusselt number ratio compared
with the values of the boundary-layer ratio may
be accounted for by the fact that the former
were obtained at a somewhat lower value of
the mean flow rate. The maximum difference
in the two parameters was about twice the
probable error of the heat-transfer correlation.

In figure 20 are representative sequences from
high-speed films of the thermal boundary layer at

Frame

|

0.001! sec

C-59942

(a)
(a) Reference flow.
Ficure 20.—High-speed schlieren photographs of
boundary layer.

several flow conditions. The object in the photo-
graphs below the leading edge of the plate is a
lens that was taped to the outside surface of the
lower window and was used for focusing purposes.
The boundary layer in the reference flow is shown
in figure 20(a). The layer is rather irregular
and wispy in appearance. It appears to be
broken up randomly into small tufts. At the
outer edge of the layer, small fragments of these
tufts were rapidly dissipated by the free-stream
flow. In gross appearance, the layer tends to
remain unchanged with time.

Figure 20(b) shows a complete cycle of the
boundary-layer flow at 148 c¢ps. In detailed
appearance, the layer does not seem to differ
appreciably from that in the reference flow.
However, there was a large variation in appearance
with time; with sound, flow reversal was observed
in the boundary layer at all frequencies. Flow
reversal is shown in frames 1 to 10 of figure 20(b),
in which the layer grows outward and in the up-
stream direction on the plate. During reversal,
fragments of the layer were dispersed in the free
stream near the leading edge of the plate. By
frame 17 the flow has started to accelerate in the
downstream direction, and the thick layer formed
during reversal is swept along with it. In place
of the thick layer, a very thin layer was formed
that is completely developed by frame 36 and
appears to remain stable to about frame 48. As
the flow decelerates, this new layer slowly grows
in thickness to frame 60 where flow reversal begins
to appear again.

A similar sequence is shown in figure 20(c) at
98 cps, where flow reversal occurred in frames 1
to 15. The flow has started to accelerate in the
downstream direction at about frame 24 and
continues through frame 36. The 36 frames
shown constitute about one-third of a complete
cycle.

Experiments with modified schlieren.—Because
of experimental difficulty, discussed in the follow-
ing paragraph, only a few tests were made with
the modified schlieren system, and these were
made on an earlier model of the plate that had
an elliptical leading edge. The results obtained
will be discussed, however, for they illustrate
some interesting facts. Referring to the sketch
in figure 21, the magnitude of the displacement of
the image of the wire is proportional to the
refractive index gradient or temperature gradient
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(b) 148-Cps oscillation.

Ficure 20.—Continued.

at the surface of the plate. The distance from
the plate surface to the point where displacement
first occurs is proportional to the boundary-layer
thickness. Thus, the curve traced by the image
of the wire is essentially that of the temperature
gradient against distance through the boundary
layer. The direction of the temperature gradient
determines the direction of displacement of the
image.

When this technique was applied to the study
of the reference-flow boundary layer, good agree-
ment was obtained at low flow rates, between the
values of (d7/dy),-, measured by the schlieren
method and those calculated from the measured
heat-transfer rate. The former value was obtained
by extrapolating the temperature gradient to the
value at the wall, while the latter was computed
from the measured heat-transfer rate according to

the relation %=——k(dT /dy)y=0. However, as

High-speed schlieren photographs of boundary layer.

the flow rate was increased, the agreement became
progressively poorer so that, at the highest flow
rate, the schlieren value was about one-third of
the calculated value. The reason for this behavior
was that, as the flow rate was increased, the
boundary-layer thickness decreased, and the
temperature gradient increased to such an extent
that it was impossible to resolve the trace of the
image of the wire on the film. Optical diffraction
at the wire also interfered with resolution of the
trace as did that at the surface of the plate.

In figure 21 are shown high-speed photographs
obtained with the modified schlieren system for a
complete cycle of the oscillation at 148 cps and a
mean flow rate of 0.5 pound per square foot per
second. Close examination of these photographs
reveals that the temperature gradient at the wall
reaches a minimum value at about frame 20. At
the same time the boundary layer reaches its
maximum thickness. These results are shown
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Ficure 20.—Concluded.
graphs of boundary layer.

High-~speed schlieren photo-

in figure 22 where values of d7/dy at various
y-distances and the boundary-layer thickness
are plotted over a cycle of the oscillation. The
values were obtained from smcothed plots of
d7T/dy against y-distance. Theintegrated average
value of (d7/dy),-, at this low flow rate was in
good agreement with that calculated from the
heat-transfer rate, the difference being about 5
percent.

The theoretical relations among the wvarious
parameters are given by the following equations:

Qeono____ ﬂ) — kAT
1= k T ”=0—h AV BAT (24)
Since (d7/dy),—, was observed to vary over the
period of an oscillation, it follows that the heat-

transfer rate ., also will vary. The data show
also that 8, the boundary-layer thickness, varied

Frame
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0.5" /} _.] ——st
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Fraure 21.—High-speed modified schlieren photographs
of boundary layer in 148-cps oscillation.

with time. From equation (24) the temperature
difference A7” is given by

d7T
AT'=(~ 5 2
dy/ y=o &

Values of AT, computed from equation (25) and
plotted in figure 22, appear to be essentially
constant. This may be seen more clearly in
figure 23, where the values of AZ” are plotted
against 6. The band defining the points is hori-
zontal and thus establishes the relative constancy
of AT’. Figure 23 also shows the variation of
(dT/dy),—, with 1/s. The data are linear within
the 10-percent scatter shown and thus agree
with equation (25). The average value of AT’
given by the slope was about 55° F, while the
experimental value indicated by the thermocouple
measurement was 27.2° F. This indicates only
that the temperature gradient was not linear
through the boundary layer as assumed by equa-
tion (25).
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The results of the schlieren studies may be
summarized as follows:

(1) At a given flow condition, AT was time-
invariant. The parameters h, &, and
(d7/dy),_, varied with time.

(2) For wvarious flow conditions, the time-
averaged values of ¢,,,, and therefore (d7/dy),,
were constant if small changes in the conduction
heat loss are neglected. The reason for this
result is that the tests were conducted with a
constant time-averaged power input to the ribbons.
The time-averaged values of the parameters ,
AT, and the temperature profile, or 8, all varied
with flow conditions.

Qeonv,

DISCUSSION OF RESULTS

All the flows studied in these experiments were
characterized by random perturbations or periodic
oscillations about the mean or time-averaged
flow rate. The magnitude of the deviation from
the mean flow rate was given by the parameter
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Frcure 23.—Variation of instantaneous temperature pa-
rameters with instantaneous boundary-layer thickness.

¢=(pV),ms/pV. TFor both kinds of flow, periodic
and turbulent, an increase in the heat-transfer
coefficient was observed, compared with that
predicted from the mean flow rate according to
accepted expressions in the literature for the flat
plate.

With the Reynolds number in oscillating flow
based on the time-averaged flow rate, increases of
as much as 65 percent in the Nusselt number
were observed during oscillations. For a similar
comparison based on the assumption of quasi-
steady heat transfer, the increase was still larger.
This may be readily seen from the relations de-
fining the two processes for averaging the flow
rate. They are given by

1 (™ n_1 —
[— f (pV)idt:l >1 f GV)rdtfornZ1  (26)
A 0 A ]

where (pV); 1s the instantaneous flow rate and the
left and right terms are the time-averaged and
quasi-steady values, respectively. The value of
n describes the dependence of the Nusselt number
on flow rate and usually has the values 0.5 and
0 8 for laminar and turbulent flows, respectively.

For the present data, the value of n obtained in
the reference flow was 0.675, and this value was
used in the quasi-steady flow-averaging computa-
tion. The quasi-steady Reynolds number was
about 8 percent less than the corresponding
linear time-averaged Reynolds number. Com-
parison of the Nusselt number with oscillations
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with the reference Nusselt number corresponding
to the quasi-steady Reynolds number showed
that the increase with oscillations was as much as
74 percent.

A comparison of the experimental data with the
various flow parameters revealed that the Nusselt
number varied directly with the amplitude
parameter e at a constant value of the Reynolds
number. It was found that the data for both
kinds of flow could be correlated by an expression
of the form

o (€)

Nu,=f (e)Rer

where both the coefficient and exponent were
functions of ¢ Thus, there was no independent
effect on the heat-transfer rate of either pressure
amplitude or oscillation frequency that could not
be explained by the root-mean-square flow
amplitude.

From the schlieren studies, it may be concluded
that the temperature gradient or boundary-layer
thickness was variable with time and also that
the time-averaged values of these properties
were influenced by the flow parameters to produce
the heat-transfer results described by the correla-
tion expression. The schlieren data also showed
that flow reversal occurred in the boundary layer
during a portion of each cycle. In a similar study
of the flat plate in oscillating flow, it was found
that the oscillation amplitude had to exceed a
critical value in order to increase the heat-
transfer rate (ref. 18). It was thought that this
critical amplitude corresponded to that necessary
to produce flow reversal.

The most likely explanation for these results
appears to be the interaction of the flow and
temperature fields through the mechanism of
turbulence. The reasons for this assumption are:
(1) The correlation expression fitted the present
experimental data both for periodic flows and
turbulent flows; (2) the structure of the boundary
layer was similar in appearance in the two cases;
and (3) the spectrum of turbulent energy measured
for the reference flow revealed that virtually all
this energy oceurred in the same frequency range
over which the oscillation frequency was varied.
The similarity of turbulent flows and oscillating
flows with regard to their effect on the heat-
transfer process has been hypothesized in ref-
erence 4.

An expression for the Nusselt-Reynolds number
relation in fully developed turbulent flow has
been obtained in reference 19. The relation was
derived from the expression previously obtained
for the velocity profile in fully developed turbulent
pipe flow in which the eddy diffusivity was
evaluated (ref. 20). This expression does not
predict the effect of turbulence intensity per se;
however, with the Reynolds analogy and knowl-
edge of the effect of turbulence on the velocity
profile, it should be possible to predict the effect
of turbulence intensity on heat-transfer rates.
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Figure 24.—Flat-plate veloeity profiles (ref. 21).

A search of the literature revealed only one
study on the effect of free-stream turbulence
intensity on velocity profiles for a flat plate
(ref. 21). These velocity profiles are shown in
dimensionless form in figure 24 for free-stream
turbulence intensities of about 1 and 20 percent
and at a Reynolds number fle, of 2>X10%. At the
lower level of intensity, the data of reference 21
compared favorably with the “universal profile”
obtained by Schultz-Grunow; however, at the
higher level, a large deviation was observed,
indicating that the profile was much flatter in
the outer region of the boundary layer and, there-
fore, steeper at the wall.

These two profiles, faired as shown in figure 24,
were used in the expression given by reference
19 to estimate the effect of turbulence intensity
on heat-transfer rates. Although the profiles
were obtained for a flat plate, it was assumed that
the relative effect would be similar even though
the expression was derived for pipe flow. The re-
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sults so obtained indicated that the Nusselt
number for a 20-percent turbulence intensity was
about 60 percent larger than that for a 1-percent
turbulence intensity. Thus, from analytical con-
siderations and measured velocity profiles, it
can be implied that heat-transfer rates increase
with turbulence intensity in agreement with the
observations of the present study. It has also been
observed experimentally that the heat-transfer
rates from a cylinder (e.g., refs. 22 and 23) and
from a flat plate (ref. 24) increase with increasing
free-stream turbulence intensity. In a more recent
study of the flat plate, it was found that the heat-
transfer rate increased with free-stream turbulence
intensity only in the presence of a favorable pres-
sure gradient (ref. 25). With a zero pressure
gradient, no effect other than an earlier transition
to turbulent flow was observed with increasing
free-stream turbulence; however, the turbulence
intensity was small, ranging from about 0.4 to 1.7
percent.

From the experimental relation given by
equation (21) or (22), it is possible to generate
curves of Nusselt number against Reynolds
number at constant percentage e. Typical curves
are shown in figure 25 for station 2 at several
values of e. At the lower limit (e=0) the cor-
relation gives the laminar-flow heat-transfer re-
lation as shown. Experimental data were not
obtained for values of € less than 10 percent, and
thus the curves for 0< e<{10 percent were obtained
through extrapolation of the data to the laminar-
flow case as discussed in the section entitled
“Correlation of Data.”” The assumption made
in the extrapolation was that the transition from
laminar to turbulent flow was continuous and not
characterized by a sudden change.

For comparison with the curves predicted by
the correlation obtained in the present study, a
curve, typical of the usual turbulent heat-transfer
data found in the literature, is also shown in figure
25. The curve was computed for station 2 from
an empirical equation for the flat plate with un-
heated starting length in turbulent flow (ref. 17).

Since the Reynolds number range covered in
this study was relatively small, it is uncertain how
far the predicted curves maybe safelyextrapolated.
For this reason, no particular significance is
attached to the indications of possible crossover
points occurring at various Reynolds numbers and
turbulence intensities.
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Ficure 25.—Nusselt-Reynolds number relation from cor-
relation expression. Station 2.

Provided that the turbulence intensity were
known, the present correlation could predict the
reference curve shown in figure 25. Unfortunately,
this parameter has not generally been determined
in heat-transfer studies. The trend shown in
figure 25 for the reference curve compared with
that predicted by this study requires that the
turbulence intensity increase with Reynolds num-
ber or flow rate (i.e., the level of turbulence gener-
ated in wind-tunnel flow should increase with flow
veloecity). Such a trend is shown by the data of
reference 26, where for extremely low intensities
the turbulence intensity was observed to increase
about twofold as the mean velocity was increased
from 30 to 120 feet per second. Although the
maximum increase in Nusselt number due to oscil-
lations found in the present experiment was only
about 65 percent, it should be noted again that the
reference flow, on which this comparison is based,
was highly turbulent; and because of this turbu-
lence level the resulting heat-transfer rate is
therefore believed to be larger than would ordi-
narily occur.

The trends predicted by the correlation of the
data presented have indicated the importance of
the level of turbulent energy or its equivalent, the
root-mean-square flow amplitude, in determining
heat-transfer rates. The more complicated second-
order phenomena (refs. 1 and 2) that have
been suggested in the past to explain the effects
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of sound waves on heat-transfer rates appear to be
unnecessary in the present work.

SUMMARY OF RESULTS

The following results were obtained from the
experimental study of the heat transfer from a flat
plate to an airstream having large-amplitude flow
oscillations or a high degree of frec-stream turbu-
lence:

1. The heat-transfer coefficient was increased
by as much as 65 percent with oscillations com-
pared with the coefficient without oscillations.
The reference flow on which this comparison is
based was highly turbulent (10-percent turbulence
intensity), and it is believed that for this reason
the resulting heat-transfer coefficient is larger than
that ordinarily obtained in turbulent flows.

2. An empirical correlation of the data was
obtained for constant Prandtl number in the form
Nu,=f () Res® where f,(e) and fi(e) are both
functions of the ratio of the root-mean-square flow
rate to the time-averaged flow rate, and Nu, and
Re, are the Nusselt and Reynolds numbers, respec-
tively. This expression correlated the data for

turbulent flow as well as oscillating flow. At the
lower limit, for no flow fluctuation, the expression
reduces to that for laminar flow.

3. Over the frequency range (34 to 680 cps)
studied, no effect of frequency was observed that
could not be explained by consideration of other
parameters.

4. Schlieren studies of the boundary layer re-
vealed that flow reversal occurred near the wall
at all frequencies during a part of the period of
oscillation. Time-averaged schlieren measure-
ments of the boundary-layer thickness showed
that the thickness decreased in proportion to the
increase in heat-transfer coefficient. From high-
speed motion pictures of the boundary layer,
obtained with a modified schlieren system, it was
found that the gradient of the temperature or the
temperature profile varied in a periodic manner.

5. The heat-transfer data obtained with flow
oscillations appear to support a turbulence mecha-
nism as the reason for the increased heat-transfer
coefficient.

Lewis Researcr CENTER

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
CLEVELAND, Onro, March 1, 1962
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TABLE I.—HEAT-TRANSFER—AMPLITUDE DATA

[Frequency, 46 cps.]

Station 2 Station 3
Rotor-stator - V) rms,
spacing, in. Vv
percgnt Nug Re, Nu, Re,
0. 004 55. 0 194 3. 18X 10¢ 180 4. 16 X104
62. 1 298 4. 45 288 5. 82
61. 0 388 6. 62 375 8. 66
63. 0 392 6. 23 376 8 15
57.0 527 7.78 503 10. 18
0. 010 55.7 184 2. 85X 10¢ 168 3. 73X 104
56. 6 279 4. 80 266 6. 28
53. 4 374 6. 84 358 8. 95
57.4 453 7.39 443 9. 68
57.7 188 2. 98 173 3. 90
57.9 282 4. 58 274 6. 00
60. 0 374 6. 42 358 8. 41
56. 9 475 7. 45 473 9.75
60. 5 364 6. 17 349 8. 07
0. 020 49. 6 179 2. 78X 10¢ 166 3. 58X 104
49. 2 267 4. 61 257 6. 03
54. 0 338 5. 85 327 7. 66
53. 8 445 7. 32 433 9. 58
57. 6 340 5.91 326 7.74
0. 050 30. 3 170 2. 56X 104 159 3. 35X 10¢
37.1 268 4. 90 257 6. 41
41. 1 327 6. 34 315 8. 30
39.7 389 7.21 375 9. 44
‘ 40. 3 316 6. 44 306 8. 42
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TABLE II.—-HEAT-TRANSFER—FREQUENCY DATA
[Rotor-stator spacing, 0.004 in.]

(oV)rms Station 2 Station 3
Frequency, cps =
pV
percent Nu, Re, Nu, Re,
34 53.5 200 3. 24X 104 187 4. 24 10¢
46 59.9 218 3. 54 202 4. 63
98 43. 6 173 3. 14 157 4,11
148 47. 8 188 3. 32 168 4. 35
210 30. 8 175 3. 03 164 3. 97
270 ! 45. 6 J 170 3.03 160 3. 97
427 | 35. 6 174 2,79 166 3. 65
472 i 42,7 185 3. 15 175 412
540 28 4 179 3. 16 169 4. 14
580 34. 8 178 3. 00 167 3. 92
680 40.0 179 2. 85 167 3.73
34 57.5 276 4. 81 ; 260 6. 30
46 60. 0 i 308 4.75 293 6. 22
98 46. 0 I 262 4. 49 240 5. 87
148 55. 1 283 5. 26 273 6. 88
210 34.0 256 4. 49 241 5. 87
270 59. 8 240 4. 07 225 5. 33
427 41. 1 238 4. 35 228 5. 69
472 51. 9 254 4. 59 247 6. 00
540 34.0 | 230 4. 65 218 6. 07
580 45. 7 223 4, 67 218 6. 11
680 44, 4 231 4. 61 223 6. 04
34 59.0 366 6. 45 348 8. 45 .
46 61. 3 411 6. 34 394 8. 28 !
98 48. 7 334 5. 48 313 7.17 |
148 58. 2 401 6. 62 390 8. 66
210 35. 9 366 5. 45 361 7.12
270 53. 9 332 5. 39 325 7.04
427 42. 4 314 5. 51 319 7.22
472 56. 6 325 5. 08 333 6. 65
580 51. 0 290 5. 47 304 7.15
680 50. 5 294 5. 29 311 6. 92
34 60. 6 437 7. 54 405 9. 83
46 61. 6 505 7.28 478 9. 52
98 47. 6 378 7.28 358 9. 52
148 60. 4 524 8. 28 512 10. 83
210 35. 3 481 7.02 443 9.18
270 55. 5 411 7. 44 409 9.72
472 56. 1 374 7. 50 393 9. 82
580 54, 4 328 7.00 352 9. 15
680 49. 9 342 6. 85 382 8. 96
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